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08777US A METHOD FOR PRODUCING A STRUCTURE USING NANOPARTICLES 

BACKGROUND OF THE INVENTION 

The present invention relates to a method for 
producing a structure by applying rianoparticles in a suspen- 
sion onto a substrate and curing with laser radiation, and to 
the structures thereby produced. 

10 The. term "nanoparticles" designates particles 

haying a diameter well in the submicron range. It has been 
known that such particles exhibit thermophysical properties 
substantially different from those of the bulk; materials. In 
particular, the melting point typically decreases substan- 

15 . tially for particles having diameters below approximately 100 
. • nm {nm=nanpmeter) ,, and in particular below approximately 10 
nm. For example, nanoparticles of gold, show a melting point 
of approximately 300 to 400 °C at a diameter of approximately 
2.5 nm while the bulk melting point of gold is 1063 °C. 

20 " In WO. 00/10197 this effect is exploited for pro- 

ducing copper structures on a semiconductor wafer at low tem- 
peratures. 'A suspension of copper nanoparticles in a liquid 
is applied to a semiconductor chip. After evaporation of the 
solvent, nanoparticles are concentrated in recesses in the 

25 wafer surface and the wafer is heated above the particles' 
melting point to sinter or melt them. This method takes ad- 
vantage of the comparatively low melting point of the parti- 
cles, but it requires the presence of suitable recesses in 
the surface of the substrate. 

30 Published Japanese patent application JP 2000 014 

101 describes a method for forming structures by focussing a 
laser beam into a storage tank containing a suspension of su- 
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perfine particles. This method requires a large amount of the 
suspension and is therefore expensive. 

Szezech et al in IEEE .Transactions on electronics 
Packaging. Manufacturing, Vol. 25, No. 1, pp. 26 - 33 have 
5 constructed fine conductor lines by drop -on -demand jet print- 
ing of nanoparticle suspended solution followed by evapora- 
tion and sintering process in an oven maintained at moderate 
temperature (300°C) . 

However, a need exists in the art for simple and 
10 efficient devices and methods of producing structures from 

nanoparticles without the need for recesses on the surface in 
which the particles collect, or for heating of the entire 
substrate. The present invention relates to localized laser 
heating of nanoparticles to produce desired structures. 

15 

BRIEF SUMMARY OF THE INVENTION 

Hence, it is a general object of the invention to 
20 provide a device and methpd for preparing fine structures us- 
ing nanoparticles that is simple and efficient. 

Now, in order to implement this and still further 
objects of the invention, which will become more readily ap- 
parent as the description proceeds, the method for producing 
25 a structure on a substrate comprises in some embodiments the 
steps of depositing drops of a suspension of nanoparticles of 
a material In a liquid by means of a droplet generator, melt- 
ing the nanoparticles of the deposited drops at least par- 
tially by exposing to laser light and solidifying the molten 
30 nanoparticles for forming the structure. 

Acco.rdingly, in some embodiments the nanoparti- 
cles are applied in drops of a suspension to the substrate 
. using a droplet generator, which reduces the amount of sus- 

- 2 - 
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pension required. The particles are molten at least in part 
by exposing to laser light, whereupon they are solidified, 
. thus forming a solid structure in those places where the 

nanoparticles where heated by. the laser. This provides an ef- 
5 ficient, low- loss method for forming a structure on the sub- 
strate. Compared to the method of heating the nanoparticles 
on the substrat'e in an oven or on a hotplate, laser curing 
leads to local heat ing , only , so that damage to thermally sen- 
sitive regions in other 'areas of the substrate can be avoided. 

10 This is particularly important in the formation of conductive 
interconnections in integrated circuits in which thermal dam- 
age to other regions of the circuit may occur if heat applied 
to the nanoparticles is widely dispersed. In addition, the 
■ laser light is at least partially absorbed by the particles 

15 directly and not' by the substrate, which also tends to reduce 
the temperature increase in the latter. 

The laser light may have non-Gaussian intensity 
distribution for optimizing the quality of the generated 
structure, or it may be pulsed for improved control of the 

20 heat flow into the substrate. 

In the present context, the term "Gaussian" in- 
tensity distribution is used to refer to any intensity dis- 
tribution that is generated by a single Gaussian beam inter- 
secting a plane, i.e. by a beam haying an intensity propor- 

25 tional to exp (- (r/R) ^ ) , where r is the distance from the 
beam' s central axis and R is a constant . The term "non- 
Gaussian" intensity distribution is used to refer to any 
other type of intensity distribution, such as it can e.g. be 
generated by a beam sent through a mask or by a combination 

30 of multiple Gaussian or non-Gaussian beams. 

In another aspect of the invention, the method 
comprises the steps of depositing drops of a suspension of 
nanoparticles of a material in a liquid onto said substrate, 

,, _ 3 _ 
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illuminating a curing point on said substrate by laser light, 
at least partially melting the nahoparticles of the deposited 
drops in said curing point and solidifying the molten nano- 
particles for forming the structure. 
5 In yet another aspect of the invention, the 

method comprises the steps of depositing a layer of a suspen- 
sion of nanoparticles of a material in a liquid onto said 
substrate,, illuminating a curing point on said substrate by 
laser light, typically having non-Gaussian intensity distri- 

10 bution, and at least partially melting the nanoparticles of 
.the deposited drops in said curing point while simultaneously 
moving said substrate with respect to said curing point .to 
form a line strip or other desired pattern of said material, 
The average diameter of the. nanoparticles should 

15 be sufficiently small for reducing- the melting point. of the 
nanoparticles substantially below the bulk melting point. For 
most materials the average diameter should be less than ap- 
proximately 100 nm, in particular less than approximately 10 
nm, preferably between approximately 1 nm and 5 nm. The 

20. nanoparticles can be of any material suited for sintering or 
re -melting upon laser irradiation. In particular, .they can be 
of a metal, such as gold. 

A further aspect of the invention relates to the 
structures produced by the methods described herein. 

25 In a final aspect, the invention relates to a de- 

vice for producing a structure on a substrate comprising a 
droplet generator for producing drops of a suspension of 
nanoparticles of a material in a liquid, said droplet genera- 
tor adapted for being directed onto a substrate and a laser 

30 source with imaging means adapted for being directed to said 
substrate. 

The substrate can be a pre-existing surface or a 
structure, for example a polymer structure, created by using 



UCB-6/APP/B01-108 



the same printing technology as for manufacturing the nanp- 
particle structure . and cured- with a standard. UV radiation or 
laser polymerization method, before the nanoparticle 
structure is deposited upon it. 



BRIEF DESCRIPTION OF THE DRAWINGS 



The invention will be better understood and ob- 
jects other than those set forth above will become apparent 
when consideration is given to the following detailed de- 
scription thereof. Such description makes reference to the 
annexed drawings, wherein: 

Fig. 1 is a schematic representation of a set-up 
for carrying out the method of some embodiments of the pre- 
sent invention, ' . 

Fig. 2 shows the thickness profile of a line 
strip cured with a single Gaussian laser beam at 100 mW 
(milliwatt) and 0.2 mm/s {mm=millimeter , }Am=micrometer) , 

Fig. 3 shows the thickness profile of a line 
strip cured with a single Gaussian laser beam at 300 mW and 
0 . 2 mm/s , . 

Fig. 4 shows the thickness profile "of a line 
strip cured with a single- Gaussian laser beam at 500 mW and 
10 mm/s, 

Fig. 5 shows a top view of a curing set-up advan- 
tageously employed with some embodiments of the present in- 
vention, 

Fig. 6 shows the thickness profile of a line 
strip cured with double Gaussian laser beams (heart shape) at 
2 X 603 mW and 0.5 mm/s. 
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Fig. 7 shows the resistivity of a cured line 
strip as a funetion of translation speed during curing with 
double Gaussian laser beams (heart shape) at 2 x 603 mW, 

Fig. 8 is partially sectional view of a printing 
head with integrated curing light sources ; 

Fig. 9 is a schematic view of typical electronic 
components fabricated pursuant to some embodiments of the- 
present invention. . ' 



DETAILEP DESCRIPTION OF THE INVENTION 

Additional descriptions- of aspects of the present 
invention are given in Attachments A and B hereto, the entire 
contents of which are incorporated herein by reference and 
made a part hereof. 

Fig. i shows a schematic representation of an ap- 
paratus for generating a structure from nanoparticles on a 
substrate 1, which can e.g. be a semiconductor wafer or any 
other material (e.g. silicon, glass, polymer / etc .) . A drop- 
let generator 2 is provided for generating a controlled, di- 
rected series of drops of a solid in liquid suspension di- 
rected onto a drop-off point 6a on substrate 1. In one em- 
bodiment, the suspension consists of gold nanoparticles in an 
organic solvent . 

The drops are deposited on substrate 1 to form a 
printed line strip 4 as a layer thereon. 

The beam of a laser 5 is- focussed in a curing 
point 6b on printed line strip 4 using suitable focusing op- 
tics -7. The radiation energy of the laser light is absorbed 
by the nanoparticles, leading, to a temperature increase above 
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the melting point of the particles. The generated heat evapo- 
rates the solvent and melts the nanoparticles at least par- 
tially. When the heated nanoparticles are moved away from 
curing point 6b, they cool down and solidify, leaving a solid 
5 structure . , . ' 

While drops are being deposited" and laser 5 sin- 
ters, or melts the particles into the solid structure, sub- 
strate 1 is being moved with respect to laser 5 and droplet 
generator 2. For this purpose, substrate 1 can e.g. be dis- 

10 placed by a positioning stage 3, while laser 5 and droplet 
generator. 2 remain stationary. 

The position of drop-off point 6a, where drops 
generated by droplet generator 2 impinge on substrate 1, may 
• coincide with position of curing point. 6b, which makes it 

15 possible to create a line strip 4 along any direction. Alter- 
natively, drop^off point 6a may be at a distance from curing 
point 6b, in which case substrate 1 is moved by positioning 
stage 3 to move the liquid suspension deposited at drop-off 
point 6a to the curing point 6b. 

20 ,Once line strip 4 has solidified, any excess sol- 

vent and unsintered nanoparticles may be removed, if neces- 
sary, e.g. by washing. This post-processing step can be 
avoided by depositing a line-structure that is smaller than 
the cuiring point of the laser so that the deposit solvent is 

25 evaporated in its entirety. 

A pulse generator 10 is used for generating elec- 
trical pulses which drive the operation of droplet generator 
2. 

In the following, some aspects of the procedure 
30 are described in more detail. 



Nanoparticles, suspension: 
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The nanoparticles are advantageously made of 
metal for forming a metallic structure', although metal com- 
pounds that deposit metal upon laser irradiation are not ex- 
cluded. Gold has been found to be an especially well -suited 
5 material. As mentioned above, nanoparticles of gold show a 
melting point of approximately 300 to 400°C at a diameter of 
2.5-.nm, which allows to form the desired structure at moder- 
ate temperatures . 

A "solvent^' or, more accurately, suspension-fluid 
10 advantageously employed for the nanoparticles is toluene^ 
Toluene has good, wetting properties and its viscosity is 
suited for generating small droplets- Further solvents in- 
clude other organic solvents, such as terpineol, xylene or 
water. 

15 ' A suspension advantageously employed in' connec- 

tion with some embodiments of the present is gold in toluene, 
with the gold particles having diameters in the range of ap- 
proximately 1 - 5 nm, with approximately 30 - 35 weight per- 
cent or approximately 1-9 - 2.3 volume percent. of gold, re- 

20 spectively. . • 

The nanoparticles can also be made of a non- 
metallic material. In particular, the present method also al- 
■ lows the formation of ceramic structures. Of particular in- 
terest are superconducting ceramics, which can be sintered 

25 with the present process without creating the excessive ther- 
mal stress that is responsible for the brittle behavior of 
superconducting ceramic components. 

Droplet generator: 
30 Droplet generator 2 can be any device suited for 

a controlled generation of the drops. A drop -on -demand device 
is advantageously employed where a volume of the suspension 
is compressed by piezoelectric or thermal compression. 
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thereby generating one or more drops of the suspension 
through an opening onto the substrate. Piezoelectric compres- 
sion or any other isothermal mechanical or electromechanical 
■compression, is advantageous because it is suited for any sus- 
5 pension, while the heating required in thermal compression 
(bubble jet method) can lead to contamination or clogging. 
The later can also be a viable candidate for printing if the 
above mentioned problems can be limited to the extent that 
they do not affect the process. 

10 ' - Droplet generator ,2 comprises a reservoir 12 for 

receiving the suspension to be printed. When using a suspen- 
sion of small viscosity and low surface tension, such as a 
suspension based on toluene, a vacuum pump 13 and a magnetic 
valve 14 can be provided for maintaining decreased pressure 

15 in the reservoir, e.g. at 10 mbair, to prevent undesired leak- 
ing. . 

In a- some embodiments,, a demand mode droplet gen- 
erator used to produce micro droplets of the suspension. For 
example, the piezoelectric droplet generator employed is com- 

20 posed of a glass capillary 15 and a polariz.ed piezo-electric ■ 
crystal. The capillary "is 33.6 mm long and has a nozzle with 
an inner diameter of 50 ^m. The distance from the tip of the 
capillary to the substrate- is 2 mm. The piezo-electric crys- 
tal has a length. of 15 mm and its center is offset by 5 mm to 

25 the glass capillary. Pulse generator 10 generates bipolar 

. pulse traces for an efficient droplet generation as described 
in J.F. Dijksman, 1984, "Hydrodynamics of small tubular 
pumps", J. Fluid Mech. vol. 139. pp. 173-191" and D.B. Bogy 
and F.E. Talke, 1984, "Experimental and theoretical study of 

30 wave propagation phenomena in drop -on -demand ink jet devices", 
IBM J. Res. Develop., vol. 28, no. 3, pp. 314-321. The con- 
tents of the aforesaid two references, Dijksman and Bogy et 
al, are incorporated herein by reference. Each pulse trace 
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consists of a leading positive pulse of 40 ^s at 13 V and a 
trailing negative pulse of 80 |J.s at -13 V. 

A strobed light source and camera synchronized to 
pulse generator. 10 can be used to view the generated droplets. 
5 In some embodiments,, droplets of 46 |J.m diameter (i.e. 51 pL, 
picoLiter) were generated at a rate of 3 0 Hz. 

Laser light: 

The parameters of the laser light at curing point 
10 6b are typically selected with a view towards the properties 
of the nanoparticles as well as the desired heating rate and 
thermal distribution on the substrate. For good efficiency, 
at least 80% of the laser light should be absorbed in printed 
line strip 4 . 

15 Advantageously, the exponential absorption- coef- 

ficient of the suspension for the laser light is even higher, 
at least 0.1 |i.m~l, in particular at least- 1 >im"l, which en- 
sures that most of the laser light is absorbed close to the 
surface of printed line strip 4 . It has been found that the 

20 heat is transported through the whole depth of the layer, 
sintering or melting all nanoparticles in curing point 6b. 

The wavelength of the laser light is advanta-- 
geously chosen to be in a region of high absorption of the 
suspension. The laser can either be operated in continuous or 

25 pulsed mode. . 

In some embodiments, an argon ion laser operating 
at 488 or 514 nm was used for gold suspensions because most 
of the radiation at these wavelengths is absorbed in the 
close vicinity of the printed free surface. 

3 0 The diameter of curing point 6b is advantageously 

sufficiently small for forming even the finest parts of' the 
desired structure and for providing a light field with suffi- 
cient intensity. A- typical diameter is less than approxi- . 

- 10 - 
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mately 500 |j,m, preferably less than approximately 100 |4.m. A 
favorable l/e^ beam waist for a Gaussian beam is 2,7 ^m. 

Typical average laser powers at a dispHacement 
speed of the order of 1 mm/ s are of the order of 0.1 W to 2 W 
5 with a laser spot diameter at curing point 6b of approxi- 
mately 27 \m, resulting in intensities in the order of 175 
to 3500 W/mm2(50^m 0.8 - 4 W; lOOfim 3.2 -16W) . When a pulsed 
laser is used to achieve a short thermal penetration depth, 
the intensity of the laser should be much higher (10-1000000 

10 times more depending on the pulse duration. Microsecond or 
nainosecond laser should be used) . 

As will be described, below, non-Gaussian inten^ 
sity distributions and/or multi-beam geometries are used in 
some embodiments . Also, as it will also be described below-, 

15 pulsed laser radiation can be used to decrease thermal stress . 

Example 1 : 

In a first example, gold nanoparticles with a 
■ mean average size of approximately 2 to 5 nm were suspended 
'20 in toluene. The mass-fraction of gold in the solution was ap- 
proximately 4 0% of the total weight. 

Droplets were generated with a drop -on -demand 
piezoelectric jetting device as mentioned above. 

The drops 3 were deposited to form printed line 
25 strip 4 on a silicon wafer substrate by moving the substrate 
continuously at a speed of 1 mm/s with a positioning stage. 
Printed line strip 4 was simultaneously cured by light from 
an argon ion laser at a wavelength of 488 nm, where the sus- 
pension had an absorption of less than 1 |j,m^^ . The curing 
30 point 6b was located right behind the point 6a where the 
drops impinged on the substrate 1. It had a diameter of 
approximately 100 fxm. 
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After cooling, the remaining structure consisted 
of solid, continuous, electrically conducting gold lines with 
good electrical conductance. The lines had a typical width of 
approximately 60 -^100 fim. 

5 

Example 2: 

. In a second example, the gold in . toluene suspen- 
sion as mentioned under , "rianoparticles , suspension" above has 
been used. Droplets of approximately 46 |J,m, diameter were apr 
10 plied at a rate of 30 Hz to a glass substrate moving at 2 
mm/s.The width of the deposited (still liquid) line was 
measured to be about 125 |j,m, . 

After printing, a continuous cw-Argon laser beam 
at. 514 nm was applied for curing with the 'same translation. 
15 speed of 2 mm/s to the center of the printed line at an angle 
. of incidence of 45°. The laser beam had a power of 100 mW and 
the beam waist (l/e?) was 27 .|a,m. . ' 

Atomic force microscope (AFM) images were re- 
corded for evaluating. the cross section of the cured printed 
20 line. A thickness profile along three different lines perpen- 
■ dicular to the printed line are shown in Fig. 2. As can be 
seen, the ; cured line' strip has a maximum thickness at its 
edges. The non-uniformity of the thickness is attributed to 
thermal diffusion of gold particles towards the edge of the 
25 beam, i.e. towards the evaporation interface line, as well as 
to a decreased surface tension at the center of the beam. 

Example 3 : 

The same parameters as for example 2 were used, 
30 with the fpllpwing exceptions: The translation speed was 0.2 
mm/s and the laser power 3.00 mW. The thickness profile re- 
corded by AFM is shown in Fig. 3. 
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Exainple 4 : . ' 

The same parameters as for example 2 were used, 
with the following exceptions: The translation speed was 10 
mm/s and the laser power 5 00 mW. The thickness profile re^ 
5 corded hy AFM .is shown in Fig. 4. 

Example 5 : 

In order to obtain a more, homogeneous thickness 
over the width of the line for a wider range of illumination 
lO parameters, a method using two laser beams was applied with 
the same suspension and droplet generation parameters as in 
example 2 . 

For this purpose, a beam splitter was used to 
create two laser beams 16a, 16b from an argon ion laser, 

15 which were . directed by mirrors to impinge on the edges of 
printed line strip. 4 as shown in Fig. 5- For this purpose, 
the laser beams 16a, 16b were brought into a common- plane in-: 
clined at an angle of 45° in respect to substrate 1 and in- 
tersecting the same in a line 17 perpendicular to printed 

20 line strip 4. The angle between the laser beams 16a, 16b as 
seen perpendicular , to substrate 1 was 90°. 

The beam waist (1/e^) of each laser beam 16a, 16b 
was 27.5 |am, the power of each laser beam was 603 mW. The 
distance between the centers of the spots 18a, 18b generated 

25 on substrate 1 was 140 \xm, the width of the liquid printed 
line strip 4 was 125 ^m. 

Fig. 6 shows the thickness profile of the cured 
line strip for a translation speed of 0.5 mm/s. As it can be 
seen, the thickness is fairly flat over the whole strip. 

30 It has been found that the cured line strips ex- 

hibit excellent conductivity for low translation speeds dur- 
ing curing, with a decrease in conductivity at increased 
translation speeds. As can be seen from Fig. 7, the conduc- 
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tivity for translation speeds below 1 mm/s is comparable to 
the one of bulk gold. . 

Example 6.: 

5 . A modification of the method . above can be used to 

manufacture polymeric structures . ' . 

Polymer jetting combined with the printing of me- 
tallic nanpparticle suspension makes it possible to extend . 
electric circuit printing into three dimensions. Crossings of 

10 conductors and multiple layers of conducting lines Can be 

manufactured using similar techniques. An example of conduc- 
tor crossing is depicted in Fig. 9B..An example of a capaci- 
tor fabricated with polymeric materials and conductors {typir 
cally gold) pursuant to some embodiments of the present in- 

15 vention. is depicted in Fig. 9A. Other applications reside in 
• fast and easy desktop, production of simple electronic compo- 
nents. A second area of application is in wirebonding, indeed 
today's multiple proceiss task of . interconnecting chips can be 
reduced into one single machine.' 

20 In some embodiments. Norland Products Optical Ad- 

hesive NOA 73, an.epoxy, was used. Other possible materials 
are e.g. polystyrene, poly methyl methacrylate (PMMA) , poly- 
imides and most photoresists, as well as adhesives, such as: 
Summers Optical# SK9, Norland Products # NOA-AY-96, Epoxy 

25 Technology # OG-125 and Epoxy Technology # OG-146. 

NOA 73 was jetted onto a substrate using the 
droplet generator described above. In order to make NOA .73 
jettable it had to be heated above approximately 45 °C. Tem- 
peratures above 65 °C are to be avoided as unwanted polymeri- 

30 zation may take place. Good results were achieved at 55 °C. 
Droplet size and jetting frequency depend on the desired 
shape of the line. Typical jetting parameters of the pulse 
applied' to the droplet generator were: rise, final rise times 
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10 p,s, fall time 20 )xs, dwell time 29 ^is and echo time 58 ^s, 
the amplitude being 20 V with. an idle voltage ' of -15 V. The 
back pressure was set at -20 mbar. • 

The lines deposited in this manner were subse- 
5 quently cured fc>y ultraviolet light, with a maximum in the 

range of 350-380 nm. The recommended energy required for full 
curing is 4 J/cm? of long wavelength UV light', which can be 
achieved with irradiation from a UV lamp. UV lasers can, how- 
ever, be used, as well. 

10 The technique in this example allows e.g. to de- 

posit a structured polymer layer above or below a structure 
of sintered nanoparticles by depositing drops of a pqlymeriz- 
able liquid on the substrate or on the next lower structure, 
respectively, and polymerizing the drops of deposited 

15 polymerizable liquid, e.g. using UV radiation.' 

Polymer jet-deposition may not, in , all cases, de- 
posit the polymer in precisely the desired shape or thickness.. 
For example, electrical properties, such as capacitance or 
resistance, may need to be adjusted following deposition of 

20 the polymer. In addition, the upper surface of the deposited 
polymer may have an irregular shape, difficult to coat with, 
continuous layers of electrical conductor. Some embodiments, 
of the present invention include secondary laser processing ■ 
of the polymer to improve its performance and/or properties. 

25 For. example, a CO2 laser or a UV- laser can be employed to im- 
pinge on the polymer to alter its electrical properties, 
smooth oir planarize its surface, and/ or change its shape or 
thickness. Laser impact may remove polymeric material in de- ■ 
sired locations to smooth the surface for advantageous depo- 

30 sit ion of gold lines and/or change the electrical character- 
istics. However, laser impact may cause the polymeric mate- 
rial to flow into a different geometry without material re- 
moval. 
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In addition, laser impact may cause chemical, 
structural and/or morphological changes of the polymer, any 
or any combination of which can alter the electrical or sur- 
face properties of the polymer. "For example, a uv-curable 
5 polymer can be spin-coated on a substrate and selectively 
cured by a uv laser. Subsequent removal of the uncured por- 
tion leads to polymeric material on the substrate only where 
desired. 

Secondary laser processing (if used) can conven- 
10 iently be performed by an laser .beam integrated with the par- 
ticle deposition system. Such /secondary laser processing can 
be carried out substantially concurrently with particle depo- 
sition, or very soon following deposition, . as well as after 
formation of the structure on the substrate. In addition, 
15 the laser beam may have a tailored shape to facilitate reflow, 
material removal or other polymer reshaping for desirable . 
physical, electrical or chemical properties. 

Conclusions, further embodiments: 
20 The above examples show that the morphology and 

quality of the cured line is influenced by the spatial inten- 
sity distribution of the curing laser. In particular, it has 
been found that using specially tailored,, laser intensity 
profile, typically having at least two spatially separated 
25 intensity maxima, can be advantageous. In example 5, such a 
distribution was generated with two separate laser beams im- 
pinging on substrate 1 at opposite sides of and symmetrical 
to a center line 19 of line strip 4, In general, using a 
light intensity distribution that has a local minimum on cen- 
30 ter line 19 is advantageous for a line strip having a flat 
thickness profile. 

The arrangement of Fig. 5 is only one of several 
possibilities for generating such an intensity distribution. 



- .16 - 



UCB-6/APP/B01-108 



In particular, the two laser beams may also be non- 
intersecting and/or parallel. Alternatively, a single laser 
beam could be used with a suitable non-Gaussian intensity 
distribution, which can e.g. be generated, using a suitable 
5 mask, diffractive optics, phase-shift mask and/or using a 
higher. mode of the laser instead of a Gaussian TEM-00 mode. 

Furthermore, more than two laser, beams can be 
used, e.g. two on each side of center line 19. 

It is noted that the morphology of deposited gold 

10 is closely related to the evaporation of the carrier solvent 
and the electrical resistance is related to the maximum tem- 
perature experienced. by the nanoparticle {i.e. the- extent of 
melting of nanoparticles) . Therefore, two lasers can be ap- 
plied to. control the evaporation (i.e. morphology) and the 

15 ■ melting, respectively. 

In the above examples, a cw- laser with a continu- 
ous laser beam has been used. Alternatively, a pulsed laser 
can be employed or the continuous laser can be temporally 
modulated. The application of repetitively pulsed curing . 

20 light with pulses in the millisecond, microsecond, picosecond 
or even femtosecond range has the advantage that higher peak 
powers can generate higher peak temperatures at the point of 
impact without additionally heating the bulk of substrate 1. 

The temperature field in substrate 1 depends on 

25 the laser pulse duration. The thermal penetration depth 
scales as 

where a is the thermal diffusivity of the material and tp^jse 
the laser pulse duration. For typical thermal diffusivity of 
30 glass at 10"^ m^/s, the thermal penetration depth is of the 
order of 10 microns for laser pulse duration of 100 microsec- 
onds. For polymers, the depth is somewhat shallower for the 
same pulse duration due to lower thermal diffusivity. On the 
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Other hand, the maximum temperature at the surface of the ma- 
terial at the end of the laser pulse is proportional to 

■ 4^1^ pulse . 

5 where k is the thermal conductivity of the material. Hence, 
both the thermal penetration- depth and the maximum tempera- 
ture rise can be controlled by adjusting the laser pulse du- 
ration. The thermal penetration depth defines the heat- 
af f ected-zone, i.e. the region that is subjected to tempera- 

10 ture gradients and thus to thermal stress . In the case of 

glass and polymer materials, we keep in mind that the mate- 
rial volume subjected to temperatures above the glass transi- 
tion temperature may be subjected to permanent deformation. 
In addition, the applied cooling rate is also important in 

15 permanent deformation. 

Further improvement of the process can be accom^ 
plished by superposing tailored trains of pulses of different 
pulse durations and waiting periods between, the pulses. This 
can be easily done using acousto-optical modulators, etc. In 

20 addition, even different lasers can be used in tandemi. For 
example, a millisecond laser can be used to raise the tem- 
perature field to a preheat temperature distribution synchro- 
nized with the following laser pulse and the laser pulse can 
then drive. the peak temperature to the desired level for sin- 

25 tering. The curing process that happens by heat diffusion 
across the sintered gold film ahead of the laser beam can 
thus be sustained without overheating and damaging the sub- 
strate. 

When building multi- layer structures, electri- 
30 cally insulating materials also act as thermal barriers to 
heat transfer. By controlling the temporal dependence of the 
laser pulse, thermal damage to buried sensitive parts can be 
reduced without packing excessive insulator. 
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■ Techniques for generating pulsed laser pulses, 
e.g. with modulators outside or within the laser's cavity, ■ 
are known to the person skilled in the art . 

For expediting the melting or sintering of the 
5 nanoparticles, the substrate. and/ or the suspension can be 
heated to a temperature below the melting point of the nano- 
particles by a means separate from the laser light, e.g. a 
resistive heating element below the substrate, thereby de- 
creasing the amount of energy required from the laser. In 

10 particular, the substrate temperature may be sufficiently 
high to cause at least partial evaporation of the "solvent" 
before the nanoparticles are brought into contact 'with the 
laser light at curing point 6b of . the laser beams. In this 
case, the. power provided by the laser can be lower because no 

15 laser energy is required for removing the solvent. 

As mentioned . above, laser curing can take place 
during or after deposition of the drops on. the substrate. In 
addition, laser light can be used to locally heat the sub- 
strate before the deposition of the . drops on thf. substrate, 

20 thereby expediting or achieving evaporation solvent and, if ' 
desired, also sintering of the particles. 

Instead of being present in the form of a regular 
suspension (i.e. a solid in liquid suspension), layer 4. may 
also be formed by a "solid suspension", i.e., the nanoparti- 

25 cies can be suspended in a solid matrix, e.g. by solidifying 
the. "solvent" after printing by temperature decrease or par- 
tial evaporation. Alternatively, the nanoparticles can be 
suspended in a gas. 

A very rugged device is obtained when the emitter 

30 or emitters for the curing light are integrated with droplet 
generator 2 into a single printing head. For example, as 
shown in Fig. 8, one or more laser diodes 5a, 5b may be inte- 
grated in a head 20 together with the droplet generator. The 
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light, beams 16a, 16b from the diodes 5a, 5b is e.g. focussed 
on the spot where the droplets impinge on the substrate . Al- 
ternatively, only part of the light, source, such as optical 
fibers and micro-optical components connected to an external 
5 laser, may be integrated in the printing head. This approach 
will ensure precise delivery of the laser beam onto the de- 
posited slurry droplet, thereby maintaining the focal depth, 
beam size and positioning. Arrays of multiple units of noz- 
zle/fiber coupled, laser beams will speed up. the process . 
10 throughput. 

In the above examples, the suspension layer or 
line strip 4 has been formed by applying drops generated by 
droplet generator 2 to substrate 1. Instead of a drop-wise' 
application of the suspension, other coa.ting methods, such as 

15 spin coating, can be used for producing layer 4. Again, the 
laser light is then used for forming the desired structure. 

Besides substrates of silicon or glass, other 
types of substrates can be used as well, such as sub,strates - 
of ceramics or plastics. The present method is especially 

20 suited for being used with- a substrate I'of a material that 
is. transparent for the laser light, i.e. that has an absorp- 
tion that is much lower than the one of the nanoparticles, 
such as glass or a suitable polymer, because a transparent 
substrate will not be subject to significant undesired heat- 

25 ing by the laser light. When using a transparent substrate, 
the laser , light can also be sent from below through the sub- 
strate to, curing point 6b. 

. Various substrates, including flexible materials, 
polymers, ceramics and plastics are compatible with the pre- 

30 sent technique. In addition to metal {gold, silver, etc.) 

nanoparticles, the method can also be applied to semiconduc- 
tor, superconductor and ceramic nanoparticles. Furthermore, 
the deposition of functional materials can alternate with the 
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deposition of polymers for the fabrication of 3-p conductor 
patterns . . 

The advantages compared to current manufacturing 
methods of printed wiring or circuit boards are many- fold, 
5 .The present methods save expensive materials by only deposit- 
ing material at desired places on the substrate and then 
fully utilizing the entire nanoparticle material. The novel 
process presented herein is straightforward and fast. The de- 
sired ' pattern can be- designed with appropriate CAD/CNC soft- 

10 ware. Taking advantage of the unique . property of gold ultra 
fine particles (UFPs) to melt and bond at low temperatures 
makes the printing of ^old microline interconnections possi- 
ble via on-demand microdroplet generation where one deals, 
with a room temperature nanosuspension rather than molten 

15 gold at a temperature exceeding 110 0 deg. C (melting point 

1063°deg) . Furthermore, excess thermal stresses and possible 
melting or even burning of sensitive chip structures can be 
avoided. The method is expected to be applicable in a normal 
atmospheric environment yielding a fast, user ^friendly and 

20 ,cost-eff ective . interconnection manufacturing process appro- 
priate for use in combination with a variety of delicate sub- 
strate materials. 

In contrast to a global heating of the substrate, 
heating by means of laser light further allows one to define 

25 the geometry of the cured material and its electrical proper- 
ties as shown above, and it keeps the global temperature in- 
crease within the substrate small . 

The method described here can be used for forming 
virtually any type of structure. Examples are conducting 

30 lines for interconnections on or to a semiconductor chip or 
for connecting a semiconductor chip to a substrate or to con- 
nector pins, metallic or non-metallic parts of Micro Electro- 
mechanical Systems (MEMS) or superconducting structures. 
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Resistors can be made by varying the line width, 
lines with a larger cross-section having lower resistance. 
Another way to influence the resistance of a conductor part 
is by changing the curing parameters. Nanoparticle suspension 
5 lines that have been cured to a higher degree (using for ex- 
ample the double laser scheme) show a resistance which is 
closer to the one pf bulk gold. 

By coordinating laser heating and substrate move- 
ment, curved patterns can be generated. Single or multiple 

10 printing and laser passes can be carried out on the same sub- 
strate using the same of different nanoparticle materials. 

The concentration of the nanoparticles> substrate 
velocity, illumination intensity, droplet diameter and rate, 
and pre- impact droplet temperature are parameters that can be 

15 optimized according to the specific needs of an application. 

A primary application of the present invention is 
the construction of gold lines for interconnections in elec- 
tronics manufacturing, ranging from chip assembly packaging 
to flat panel display construction. , The critical benefit to- 

20 be harvested from the low melting and bonding temperatures of 
■ the gold nanoparticles is twofold: First, the printing of 
gold microline interconnections with an on-demand microdrop- 
let generation technique is possible because one deals with a 
room temperature nanosuspension facilitating the application 

25 of piezoelectric ceramics with Curie temperatures of only a 
few hundred .degrees Celsius. This would be impossible with 
molten gold at temperatures exceeding 1063 °C. Second, at the . 
droplet deposition end, excess thermal stress and melting or 
burning of sensitive chip structures can be avoided. The 

30 method can be used under normal atmosphere environment yield- 
ing a fast, user friendly and cost effective interconnection 
manufacturing process appropriate for use in combination with 
a variety of delicate substrate materials. 
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While there are shown and described presently 
preferred embodiments of the invention, those skilled in the 
art can readily devise many other varied embodiments that 
still incorporate these teachings. 



